The relationship between the crystal structures of oxidized and reduced tuna cytochrome c has been reexamiined by a superposition method motivated by recent studies of the cytochrome c-cytochrome c peroxidase complex. It is shown that the observed structural changes precisely reflect the binding face suggested by chemical modification studies. It is further suggested that the large observed motion of Iysine-27 and a smaller overall motion of the two binding edges constitute a redox binding-affinity switch and that the driving force for the conformational change of the protein is provided by the internal conformational change and charge redistribution of the heme, which cause it to tilt, under the influence of covalent and nonbonded interactions, within its protein envelope. A picture is presented of the molecule as an electron storage/ transfer machine with three elements-a binding module, an electron storage module, and a conformational energy-storage module.
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The architecture of cytochrome c and the relationship of that structure to the molecule's role as an electron-transfer pro' tein have been a concern of molecular biologists for some time. The occurrence of variants of the molecule in the most diverse species has made it the classic subject for studies of molecular evolution. The fact that many of the cytochromes c can be crystallized has made it possible to consider this problem not only from the viewpoint of sequence homology but also to relate the observed features of sequence variation to the structure of the molecule.
A problem of central interest is the comparison of the structures of the oxidized and reduced forms of the molecule and the unraveling of the relationship between any observed changes and the function of the molecule. In a classic series of papers (1-3), Dickerson and collaborators have elucidated the structures of the oxidized and reduced forms of tuna cytochrome c, and have compared the two forms by a superposition method. In these studies, in which superposition of all corresponding atoms of the protein (excluding the heme) was optimized, significant conformational changes were observed in the "bottom half' of the molecule, particularly in the region of residues 47-57. It was suggested that these changes, together with motions of the heme, constitute a mechanism for regulating the redox potential of the molecule. Recent calculations (4) also indicate that the protein environment lowers the apparent activation energy for electron transfer by the heme.
Still another question which has been investigated extensively is the mode of binding of cytochrome c to its redox partners. Modification studies (5-7) have strongly supported the suggestion that a ring of lysine residues is responsible for proper binding of cytochrome c and that this binding occurs by an electrostatic mechanism. The lysines believed to be responsible are at positions 8, 13 , 27, 72, 79, 86, and 87. Until recently, however, no crystallographic evidence was available for this hypothesis. Now, however, the structure of cytochrome c peroxidase, a redox partner of cytochrome c, has been solved (8) , and Poulos and Kraut (9) have shown that it is possible to "dock" reduced cytochrome c and the peroxidase in such a way that an excellent fit is obtained to the cytochrome c surface outlined by the aforementioned (positively charged) lysine residues, several of which are in close proximity to (negatively charged) aspartic acid residues on the matching surface of the peroxidase.
In the present work, we wish to reexamine the conformational change associated with redox reactions of cytochrome c in the light of recent work of Poulos and Kraut. We shall demonstrate that, by considering the superposition of the two redox forms from a different viewpoint, several points of interest can be demonstrated directly from the crystal structures. In particular, it will be seen (t) that the observed redox conformational changes directly confirm the postulated mode of binding of cytochrome c to its redox partners, and (it) that they also suggest a second function of the redox conformational transition-the modification of the binding affinity after electron transfer in order to promote dissociation of the complex and regeneration of free cytochrome c.
Three-Point Superposition. In view of the results of Poulos and Kraut (9) and the available modification studies (5-7), it seems that the surface delineated by the seven lysine residues noted above is the part of the molecule involved in binding. If this were so, one would expect that this part of the molecule would be relatively constrained with respect to motion during redox, whereas the rest of the molecule generally would be free to move. Therefore, it seems that a fullmolecule superposition of the oxidized and reduced forms will impose mathematical constraints that do not reflect the physical situation. Rather, one would like to perform a superposition that optimizes overlap of the molecules only on the (constrained) binding surface and, in fact, over as little of that surface as can lead to a single-valued fit of the two conformations. Clearly, the minimum number of corresponding points, the superposition of which leads to such a single-valued fit of two surfaces, is three. Therefore we have performed a superposition comparison of the oxidized and reduced forms of cytochrome c in which only three corresponding atoms in the two forms are constrained to match optimally.
Because of the postulated role of the seven lysine residues, it seems physically reasonable that they are the most strongly constrained residues during the course of electron transfer. Therefore we choose the, three points by examining the change in distance upon redox between all 21 pairs made up of the seven lysine residues and by picking as our fixed points the a carbons of three residues whose coordinates form a triangle, all the sides of which show less-thanaverage change. Because there are two crystallographic forms of the oxidized molecule, referred to as "inner" and "outer," we require this criterion to be fulfilled for both forms relative to the reduced form. The three residues cho-
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Chemistry: Rackovsky and Goldstein sen by this means are lysine-8, -86, and -87.
We have performed superpositions of the oxidized inner and outer forms on the reduced form, subject only to the constraint that C', C', and C' match as closely as possible in the two molecules. (The coordinates used were the 1980 versions of tuna cytochrome c, obtained from the Brookhaven Protein Data Bank.) Such a three-point transformation can be performed analytically, so that no computer optimization is necessary. (Details are briefly outlined in the Appendix.)
RESULTS AND DISCUSSION
The results of the three-point superposition are illustrated in Fig. 1 , as chain plots of the distance between corresponding a carbons in the two redox forms. It is strikingly clear that the region of above-average motion upon redox is concentrated in the strip between residues 20 and 64 and that the 1-20 region and the 64-103 region show substantially smaller displacements. These two regions of below-average displacement consist of precisely those lengths of backbone that make up the postulated binding face of cytochrome c. (Note that the entire binding face is defined by the criterion of below-average motion, despite the fact that only three points are constrained in the superposition.) Thus, it is clear that the binding stereochemistry is directly mirrored in the redox conformational change.
There is, however, one region of the postulated binding face that shows a displacement significantly above average. This is at lysine-27. This is the only one of the seven binding lysine residues to show greater-than-average motion. We suggest that this motion of lysine-27 upon redox is responsible for a change in binding affinity between cytochrome c and its redox partner upon electron transfer, which provides a dissociation signal to the complex. This is similar to changes in affinity observed upon chemical modification of several of the seven lysine residues (7) . [Note that we deal here with Ca rather than side-chain coordinates. In the proposed complex (9) , however, the lysine-27 side-chain is fairly extended, so that motions at Ca should have considerable influence on side-chain position. We also remark that inspection of the thermal factors in the two redox forms (2, 3) reveals that the observed motion of lysine-27 Ca upon redox is significantly greater than the root-mean-square thermal motion in either form.] Such a change in affinity would probably occur, even if there is an accompanying conformational change in the redox partner, since the relative spatial distribution of charges in the complex is unlikely to remain fixed.
Details of the molecular mechanism are provided by analysis of the numerical results of the superposition. In Fig. 2 we show the change in the X coordinate upon oxidation. As noted in the caption of Fig. 2 , this corresponds to motion in the binding plane, in a direction across the heme. It can be seen that the 1-20, 27-28 residue edge of the binding face undergoes a small overall leftward movement in the direction of the heme, whereas the 70-80 edge, located on the opposite side of the heme, undergoes a small rightward movement. By far the largest motion on the right-hand face is that of lysine-27, which moves inward toward the heme by (Fig. 3) , although lysine-27 does not-suggesting that the freedom of motion of lysine-27 is different from that of the preceding loop. The driving force for this conformational change is revealed by examining the motion of the heme. The heme undergoes a tilt upon oxidation, such that rings 1 and 4 (those attached to the two propionates, at the bottom of the molecule) move to the left (i.e., toward methionine-80) while rings 2 and 3 (connected to the backbone at cysteine-14 and -17, respectively) move to the right. This tilt is driven by the internal charge redistribution (4) and conformational changes (3) in the heme upon oxidation and is directed by the covalent and nonbonded interactions of the heme with its protein environment. [One such interaction that has been proposed as a determinant of structure is the large increase in the methionine-Fe coordinate bond strength upon reduction (10) .] As noted by Takano and Dickerson (3) , this leads to a significant change in the number of contacts experienced by residues 28 and 29, which is probably correlated with the motion of lysine-27. It is tempting to speculate that one role of the evolutionary invariant proline-30 is to direct the transmission of the heme motion to the lysine-27 region of the molecule. The heme tilt causes the cytochrome c heme not to be coplanar with that of cytochrome c peroxidase after oxidation. It is also accompanied by a rightward motion of phenylalanine-82, which interacts with rings 2 and 3. Residues 81 and 82 are essentially alone in the 80-103 strip in showing rightward movement. It has been suggested (9, 11, 12) that coplanarity of the hemes and of the aromatic side chain of phenylalanine-82 leads to a high electronrtransfer rate and that deviations therefrom are responsible for slow electron-transfer steps. It may be that, when the structure of the cytochrome c-cytochrome reductase complex is solved, it will be found that the tilted heme and phenylalanine-82 are in the optimal orientation for acquisition of an electron. Another intriguing possibility is that the lysine-27-heme coupling may operate in both directions. Various redox partners may bind with lysine-27 in different positions, so that the orientation of the heme is changed on binding. This would cause the redox potential to change with redox partner.
This mechanism is consistent with the observation (13) that a complex of horse cytochrome c fragments in which residues 26-27 and 39-55 are missing shows only -16% activity. The absence of the hinge region can be expected to constitute less of a barrier to molecular function than, for example, a mutation that prevents its proper motion. However, it will alter the redox potential of the molecule. The blockage of lysine-27 is known (5-7) to lead to reduced function.
A check on the significance of the superposition comparison results is provided by performing a similar three-point superposition of the two oxidized molecules. This is shown in Fig. 3 . It will be seen that the only region where a substantial difference is found is in the "20s loop," which, as noted previously, enjoys considerable freedom of motion due to its exterior position and to the presence of glycine at positions 23 and 24. Note again that lysine-27 does not seem to share this freedom. We note here that these data militate against the suggestion (3) that the lysine-27 movement upon redox is due to crystal forces. The comparison of the two oxidized forms shows that there are significantly different crystal forces acting in the vicinity of the 20s loop. Nevertheless, the lysine-27 Ca distance is less than the average deviation in this superposition. It is improbable that both oxidized molecules would show the same lysine-27 motion under different crystal forces. The similarity is understandable, however, if the lysine-27 displacement is a redox-related change.
The foregoing picture of the redox conformational transition suggests an approximate picture of the class M (14) cytochrome c molecule as an electron-storage/transfer machine with three principal elements-a binding element comprising the two binding edges, an electron conductor/container (the heme and certain aromatic residues), and an energystorage module (the nonbinding region of the protein) (Fig.  4) . Upon redox, the intrinsic conformational change in the heme leads to strain within the protein envelope of the molecule. The latter is so designed that the binding edge shows only small motions under the strain, which are carefully contrived to alter the binding affinity. The largest part of the strain relief is due to motions within the nonbinding protein region, which store the strain energy as a conformational change. The amount of energy stored in this part of the molecule is, of course, sequence dependent because of the sequence dependence of the conformational energy surface. This suggests that the variation of sequence between species and the addition and deletion of regions in the different classes of cytochrome c (14) , leading to change in the heme-protein interaction and in the conformational properties of the nonbinding region, constitute an evolutionary method for engineering the redox potential without changing the binding surface of the molecule-by altering the energy-storage module. Indeed, one may ask what features of this mechanism are common to the smaller and larger cytochromes c of classes S and L. It may be, in light of the fact that no conformational change has been observed in molecules of these classes, that they function by a different mechanism (10). SUMMARY By using a three-point superposition of the oxidized and reduced forms of cytochrome c, motivated by chemical evidence (5) (6) (7) and by the observed (9) fit between the cytochrome c and cytochrome c peroxidase crystal structures, we have shown that the observed structure changes in cytochrome c upon oxidation correspond in detail to the binding mode for redox suggested by both chemical modification studies and the graphical docking experiments. We suggest that the observed large motion of lysine-27 upon oxidation leads to a change in binding affinity, which provides a dissociation signal to the cytochrome c-redox partner complex. We note a closing motion of the protein shell upon the heme on oxidation and point out a double-hinge action of the nonbinding region of the molecule, which dissipates conformational strain while guiding the motion of the two binding edges. These observations suggest that the nonbinding reProc. NatL Acad ScL USA 81 (1984) -0 L Proc. NadL Acad Sci USA 81 (1984) 5905 gions of the molecule act as a conformational energy-storage module, the design of which determines the redox potential of the molecule. We suggest further that the driving force for the conformational change is provided by previously-noted internal conformational changes and charge redistribution of the heme upon oxidation, which cause it to tilt within its protein envelope. The resulting changes in nonbonded interactions cause the various motions in the polypeptide chain.
APPENDIX: THREE-POINT SUPERPOSITION
The problem of superposing the two protein structures so that three specific atoms show optimal superposition can be reduced to that of optimally superposing two triangles in a plane. For simplicity we consider that plane to be the z = 0 plane and imagine one triangle, T, determined by the three points P1, P2, and P3 to be fixed so that P1 = (0,0,0), P2 = (X2,0,0), P3 = (X3,y3,0).
[1]
The second triangle, T', is determined by the points P1, A2, and P3 and has sides and angles denoted by RU and Oj, where RU= IjPAPj [2] and 6i is the interior angle of the triangle at Pi. The superposition will be considered optimal when the Pi are so determined that the function 3 A&2 = E ri [3] i=1 is at a minimum, where ri= 1PtPil. [4] Since the position of T is fixed, we can determine that of t by determining the vector r1 and the angle 4 between R12 and the x-axis. It is readily found that r2 = X12 + A2, r2 = (x+1 + COS -x2)2 + (9 + 12 sin )2, [5] r2= [ 
